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Next, substitute V oul in the KCL equation (5.42), to obtain 

2-[2.(V /w -l)(0.5V /w -0.55)-(0.5V ;H -0.55) 2 ]=i-(2.95) 2 
The solution of this simple quadratic equation yields two values for V IH . 


J -0.35 V 
V,H = 1 2.43 V 


where V lH = 2.43 V is the physically correct solution. The output voltage level at this point ; 
is calculated as 

V oul =0.5-2.43-0.55=0.67 V 

With this updated output voltage value, we can now reevaluate the load threshold voltage 
as V T ,l d (V 0UI = 0.67 V) = -2.9 V, and the (dV Tload I VJ value as 


Li22l=0.18 
dV ou , 

Note both of these values are fairly close to those used at the beginning of this iteration 
process. Repeating the iterative calculation will provide only a marginal improvement of 
accuracy, thus, we may accept V lH = 2.43 V as a good estimate. 

In conclusion, the noise margins for high signal levels and for low signal levels can be 
found as follows: 

NM H = V OH -V IH =2.57V 
NM L =V IL -V 0L =1.17 V 


5.4. CMOS Inverter 

All of the inverter circuits considered so far had the general circuit structure shown in Fig. 
5.3, consisting of an enhancement-type nMOS driver transistor and a load device which 
can be a resistor, an enhancement-type nMOS transistor, or a depletion-type nMOS 
transistor acting as a nonlinear resistor. In this general configuration, the input signal is 
always applied to the gate of the driver transistor, and the operation of the inverter is 
controlled primarily by switching the driver. Now, we will turn our attention to a radically 
different inverter structure, which consists of an enhancement-type nMOS transistor and 
an enhancement-type pMOS transistor, operating in complementary mode (Fig. 5.16). 


nrnwi'ii mm>v 


i 1 in 


This configuration is called Complementary MOS (CMOS). The circuit topology is 
complementary push-pull in the sense that for high input, the nMOS transistor drives 
(pulls down) the output node while the pMOS transistor acts as the load, and for low input 
the pMOS transistor drives (pulls up) the output node while the nMOS transistor acts as 
the load. Consequently, both devices contribute equally to the circuit operation charac- 


teristics. 
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Figure 5.25. (a) CMOS inverter circuit, (b) Simplified view of the CMOS inverter, consisting 
of two complementary nonideal switches. 

The CMOS inverter has two important advantages over the other inverter configu- 
rations. The first and perhaps the most important advantage is that the steady-state power 
dissipation of the CMOS inverter circuit is virtually negligible, except for small power 
dissipation due to leakage currents. In all other inverter structures examined so far, a 
nonzero steady-state current is drawn from the power source when the driver transistor 
is turned on, which results in a significant DC power consumption. The other advantages 
of the CMOS configuration are that the voltage transfer characteristic (VTC) exhibits a 
full output voltage swing between 0 V and V DD , and that the VTC transition is usually very 
sharp. Thus, the VTC of the CMOS inverter resembles that of an ideal inverter. 

Since nMOS and pMOS transistors must be fabricated on the same chip side- by-side, 
the CMOS process is more complex than the standard nMOS-only process. In particular, 
the CMOS process must provide an n-type substrate for the pMOS transistors and a p-type 
substrate for the nMOS transistors. This can be achieved by building either n-type tubs 
(wells) on a p-type wafer, or by building p-type tubs on an n-type wafer (cf . Chapter 2). 
In addition, the close proximity of an nMOS and a pMOS transistor may lead to the 
formation of two parasitic bipolar transistors, causing a latch-up condition. In order to 
prevent this undesirable effect, additional guard rings must be built around the nMOS and 
the pMOS transistors as well (cf. Chapter 13). The increased process complexity of 
CMOS fabrication may be considered as the price being paid for the improvements 
achieved in power consumption and noise margins. 
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Circuit Operation 

In Fig. 5.16, note that the input voltage is connected to the gate terminals of both i the 
nMOS and the pMOS transistors. Thus, both transistors are dr.ven directly by the input 
s.tal V. - The substrate of the nMOS transistor is connected to the ground, while the 
substrate of the pMOS transistor is connected to the power supply voltage V DD m order 
ot ver e Las the source and drain junctions. Since V = 0 for both dev.es *en > w U 
benosubstrate-biaseffectfore.therdevice.Itcanbeseenfromthec.rcund.agrarninFig. 

5.16 that 


and also, 


V C S,p=-{ V DD- V in) 

V ds , p =-{Vdd-V 0 u,) 


(5.51) 


(5.52) 


We will start our analysis by considering two simple cases. When the input voltage 
is sn^lleTln the nMOS threshold voltage, i.e., when V in < V £ -^"J 
is cut-off At the same time, the pMOS transistor is on, operating n the linear region 
Since thedrain currents of both transistors are approximately equal to zero (except for 
small leakage currents), i.e., 


(5.53) 


the drain-to-source voltage of the pMOS transistor is also equal to zero, and the output 
voltage V 0H is equal to the power supply voltage. 

(5.54) 


v oul =v 0H = v, 


DD 


On the other hand, when the input voltage exceeds ( V DD + V m „), the P^OS tranststons 
turned off In this ase, the nMOS transistor is operating in the linear region, but its dra n- 
tHource voltage is equal to zero because condition (5.53) is satisfied. Consequently, the 
output voltage of the circuit is 

(5.55) 


v out =v OL =o 


Next we examine the operating modes of the nMOS and the pMOS transistors as 
functions of the input and'output voltages. The nMOS transistor operates m saturanon 
if Vjn > V n „ and if the following condition is satisfied. 

(5.56) 


V D S.nZV G S.n- V TO.n 


v T0,n 


The pMOS transistor operates in saturation if V tn < (V DD + V TOp ), and if : 


(5.57) 
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Vout = V h- V TO.p 



*TO.p 


»T0,n V IL 

Input Voltage (V) 


Figure 5.17. Operating regions of the nMOS and the pMOS transistors. 

Both of these conditions for device saturation are illustrated graphically as shaded areas 
on the V - V. plane in Fig. 5. 17. A typical CMOS inverter voltage transfer characteristic 
is also superimposed for easy reference. Here, we identify five distinct regions, labeled 
A through E, each corresponding to a different set of operating conditions. The table 
below lists these regions and the corresponding critical input and output voltage levels. 


Region 

Vin 

Vout 

nMOS 

pMOS 

A 

< VVo.n 

V 0 H 

cut-off 

linear 

B 

V IL 

high«V 0W 

saturation 

linear 

C 

V, h 

v th 

saturation 

saturation 

D 

V lH 

low = V OL 

linear 

saturation 

E 

>(v OD + v ro>p ) 

Vol 

linear 

cut-off 


i | 
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In Region A, where V in < n , the nMOS transistor is cut-off and the output voltage 
is equal to V 0H = V DD . As the input voltage is increased beyond V n n (into Region B), the 
nMOS transistor starts conducting in saturation mode and the output voltage begins to 
decrease. Also note that the critical voltage V, L which corresponds to (dV oul /dV in ) = -1 
is located within Region B. As the output voltage further decreases, the pMOS transistor 
enters saturation at the boundary of Region C. It is seen from Fig. 5.17 that the inverter 
threshold voltage, where V in = V oul , is located in Region C. When the output voltage V„ 
falls below (V. - V TOfl ), the nMOS transistor starts to operate in linear mode. This 
corresponds to Region D in Fig. 5.17, where the critical voltage point V IH with (dVJ 
dV in ) = - 1 is also located. Finally, in Region E, with the input voltage V.„ > ( V DD + V np ), 
thepMOS transistor is cut-off, and the output voltage is V 0L = 0. 

In a simplistic analogy, the nMOS and the pMOS transistors can be seen as nearly 
ideal switches- controlled by the input voltage- that connect the output node to the power 
supply voltage or to the ground potential, depending on the input voltage level. The 
qualitative overview of circuit operation, illustrated in Fig. 5.17 and discussed above, 
also highlights the complementary nature of the CMOS inverter. The most significant 
feature of this circuit is that the current drawn from the power supply in both of these 
steady-state operating points, i.e., in Region A and in Region E, is nearly equal to zero. 
The only current that flows in either case is the very small leakage current of the reverse- 
biased source and drain junctions. The CMOS inverter can drive any load, such as 
interconnect capacitance or fanout logic gates which are connected to its output node, 
either by supplying current to the load, or by sinking current from the load. 

The steady-state input-output voltage characteristics of the CMOS inverter can be 
better visualized by considering the interaction of individual nMOS and pMOS transistor 
characteristics in the current- voltage space. We already know that the drain current /„„ 
of the nMOS transistor is a function of the voltages V GSn and V DS n . Hence, the nMOS 
drain current is also a function of the inverter input and output voltages V in and V out , 
according to (5.51). 

This two- variable function, which is essentially described by the current equations (3.54) 
through (3.56), can be represented as a surface in the three-dimensional current- voltage 
space. Figure 5.18 shows this / Dn (V in , V 0 J surface for the nMOS transistor. 

Similarly, the drain current 1 D of the pMOS transistor is also a function of the 
inverter input and output voltages V in and V oul , according to (5.52). 

* 

This two- variable function, described by the current equations (3.57) through (3.59), can 
be represented as another surface in the three-dimensional current- voltage space. Figure 
5.19 shows the corresponding l Dp (V in , VJ) surface for the pMOS transistor. 
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Figure 5.18. Current-voltage surface representing the nMOS transistor characteristics. 



Figure 5.19. Current-voltage surface representing the pMOS transistor characteristics. 
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Figure 5,20. Intersection 


of the current-voltage surfaces shown in Figures 5.18 and 5.19. 
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Figure 5.21. The intersecting current-voltage surfaces shown from a different viewing angle. 
Notice that projection of the intersection curve on the voltage plane gives the VTC. 


Remember that in a CMOS inverter operating in steady-state, the drain current of the 
nMOS transistor is always equal to the drain current of the pMOS transistor, according 
toKCL. 

Thus, the intersection of the two current- voltage surfaces shown in Figs. 5.18 and 5.19 
will give the operating curve of the CMOS inverter circuit in the three-dimensional 
current- voltage space. The intersection of the two characteristic surfaces is shown in Fig. 
5.20. The intersecting surfaces are shown from a different viewing angle in Fig. 5.2 1 , with 
the intersection curve highlighted in bold. 

It is clear that the vertical projection of the intersection curve on the V in - V ou{ plane 
produces the typical CMOS inverter voltage transfer characteristic already shown in Fig. 
5.17. Similarly, the horizontal projection of the intersection curve on the I D - V in plane 
gives the steady-state current drawn by the inverter from the power supply voltage as a 
function of the input voltage. In the following, we will present an in-depth analysis of the 
CMOS inverter static characteristics, by calculating the critical voltage points on the 
VTC. It has already been established that V QH = V DD and V 0L = 0 for this inverter; thus, 
we will devote our attention to V IL , V m and the inverter switching threshold, V th . 
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Calculation of V, 


IL 


By definition, the slope of the VTC is equal to (-1), i.e., dV Qut I dV in = -1 when the input 
voltage is V in = V JV Note that in this case, the nMOS transistor operates in saturation while 
the pMOS transistor operates in the linear region. From l Dn -l D p * we obtain the following 
current equation: 


^{VoS.n-yT0,n) 2 =^\HVcS,p-yT0, P )-V D s, p -V DS , p 1 } (5.58) 
Using equations (5.51) and (5.52), this expression can be rewritten as 


^{V in -V T o.n) 2 =^\l{V in -V DD -V TOiP ) 

{v ou ,-v DD )-{v oul -v DD f] 


(5.59) 


To satisfy the derivative condition at V lL , we differentiate both sides of (5.59) with respect 


to V,. 


(Vta-Vno-Vn,,,). ^f- + (V 0Ut -V DD ) 


iy 0 ut Vdd) 


K dV <n ) 


(5.60) 
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, , ... , .„ \ _ _i in (5.60), we obtain 
Substituting V in = V IL and WjdV in ) - Imp 

function of the output voltage V oul , as 


(5.61) 


The critical voltage V, L can now be found as a 
follows: 


2 V ou , + VW^DDjlMW 


(5.62) 


1 + ** 


where k R is defined as 


R K 


This equation must be solved ^^^^J^^^^lS^^ ' 
LterLvalueofV andthe — 


Calculation of V 1H 

^ x^^QtrAn^stor operates in the linear region, I 
When the input voltage is equal to V, H , the nMOS transistor ^ ^ ^ ^ we | 


and the pMOS transistor operates in 
obtain 


saturation. Applying KCL to the output i 


Using equations(5.51)and(5.52),th 1S expression can be rewritten as 
^•[2.(V in -V mn )-V ou( -V^]4-.(v,-V DD -V r o,) 2 


Now, differentiate 


both sides of (5.64) with respect to V in . 


dV 0U ,\. v u .\^shl 

I + Vnut Y out I 


Substituting V in = V. and («,) = -1 » (5-65). we obtain 


(5.63) 


(5.64) 


(5.65) 


*„'(-V w + V ro>n +2V oa ,)=^.(v w -V DD -V r0(P ) 
The critical voltage V m can now be found as a function of V ouJ as follows: 

VDD + VT0,p+ k Ri 2V out+VT0,n) 


(5.66) 


VlH=- 


(5.67) 


Again, this equation must be solved simultaneously with the KCL equation (5.64) to 
obtain the numerical values of V fH and V om . 


Calculation of V th 

/The inverter threshold voltage is defined as V th - V. n = V out . Since the CMOS inverter 
"exhibits large noise margins and a very sharp VTC transition, the inverter threshold 
voltage emerges as an important parameter characterizing the DC performance of the 
inverter. For V (n = V , both transistors are expected to be in saturation mode; hence, we 


can write the following KCL equation. 

^•(^. n -^o, n ) 2 =^-(^s,p-^ro, P ) 2 


(5.68) 


Replacing V GSn and V as in (5.68) according to (5.51) and (5.52), we obtain 


^{v in -v TO , n ) 2 =^(v in -v DD -v T0 , p f 


(5.69) 


The correct solution for V. for this equation is 


i+^j=v ro . B+ ^-(v DD+ v ro , p ) 


(5.70) 


Finally, the inverter threshold (switching threshold) voltage V th is found as 


Vw.»+Jj-'(WV ro .,) 
V, h = \* 


[Si 


(5.71) 
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j*- ^ocV-V=V When the input 
Note that the inverter threshold voltage » ^ " attl in ^ 

voltage is equal to V ^^^^^^S.^c^^^ 
value between (V A - V^ n ) and [V lh y„ , corresponding to Region C 

in this analysis. This is due to the fac " ™ ha 8 nne l-length modulation effect is 

fixed values of V DD , V mn and V TOp . 


o 


c 


5 

03 



0 0.5 1 

Transconductance Ratio k R = (kn / kp) 


Fi g ure 5.22. Variation of the inversion threshold voltage as a function of *, 

u, u a thot the CMOS inverter does not draw any significant 
It has already been established tha th ^Smve cufrentS) when 

current from the power source, except for small leakage _ana s ^ 
Tmput vonagJis either -"^^ 

the pMOS transistors conduct a nonzero .current, on ^ ^ ^ ^ current 
and high-to-low transitions, i.e., in Regions B ^ ^ when ^ = 

being drawn from ^J^.^J^^^a both transistors are operating 
V, h . In other words, the maximum current is drawn characteristic of a typical 

^saturation mode. Figure 5.23 shows th J ^^^ rf ^ta^voll^ 
CMOS inverter circuit and the power supply current, 

Design of CMOS Inverters 


CMOS inverter can, by virtue of its complementary push-pull operating mode, provide 
a full output voltage swing between 0 and V DD , and therefore, the noise margins are 
relatively wide. Thus, the problem of designing a CMOS inverter can be reduced to 
setting the inverter threshold to a desired voltage value. 
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Figure 5.23. Typical VTC and the power supply current of a CMOS inverter circuit. 

Given the power supply voltage V DD , the nMOS and the pMOS transistor threshold 
voltages, and the desired inverter threshold voltage V fV the corresponding ratio k R can be 
found as follows. Reorganizing (5.71) yields 


k R V DD + V TOfP -V lh 


(5.72) 


Now solve for k R that is required to achieve the given V (h . 


L --IL = 


v lh -v T0 , n 


(5.73) 


Recall that the switching threshold voltage of an ideal inverter is defined as 

Vth.ideal ~"^'^DD 


(5.74) 


Substituting (5.74) in (5.73) gives 
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P J ideal 


' 0.5V DD + V T o >P 
0.5V DD -V T0§nJ 


(5.75) 


for a near- ideal CMOS VTC that satisfies the condition (5.74). Since the operations of 
the nMOS and the pMOS transistors of the CMOS inverter are fully complementary, we 
can achieve completely symmetric input-output characteristics by setting the threshold 
voltages as V TO = V Wn = |V ro J. This reduces (5.75) to: 


p ) 


= 1 


Symmetric 
inverter 


(5.76) 


Note that the ratio k„ is defined as 


k ^ (W 


Hp'\ — 


(5.77) 


assuming that the gate oxide thickness t ox , and hence, the gate oxide capacitance C ox have 
the same value for both nMOS and pMOS transistors. The unity-ratio condition (5.76) for 
the ideal symmetric inverter requires that 


Hence, 



(5.78) 


(5.79) 


It should be noted that the numerical values used in (5.78) for electron and hole mobilities 
are typical values, and that exact \x n and \i ? values will vary with surface doping 
concentration of the substrate and the tub. The VTCs of three CMOS inverter circuits with 
different k R ratios are shown in Fig. 5.24. It can be seen clearly that the inverter threshold 
voltage V h shifts to lower values with increasing k R ratio. 
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Figure 5.24. Voltage transfer characteristics of three CMOS inverters, with different nMOS-to- 
pMOS ratios. 

For a symmetric CMOS inverter with V^ n = |V mp | and k R = 1, the critical voltage 
V /L can be found, using (5.62), as follows: 


Also, the critical voltage V IH is found as 

V lH =~{5V DD -2V mn ) 


(5.80) 


(5.81) 


Note that the sum of V, L and V [H is always equal to V DD in a symmetric inverter. 

V,l + V ih = V dd (5.82) 

The noise margins NM L and A/M w for this symmetric CMOS inverter are now calculated 
using (5.3) and (5.4). 


I 


NM L = V IL -V 0L = V lL 

NM H = V 0H -V IH = V DD -V IH 


(5.83) 


which are equal to each other, and also to V IL . 

NM L = NM H = V IL (5:84) 

Example 5.4 

Consider a CMOS inverter circuit with the following parameters : 

V DD = 3.3V 
V ro .„ = 0-6V 
u - _o 7 V 
k n = 200 \iAI V 2 
jfc p = 80^A/V 2 

Calculate the noise margins of the circuit. Notice that the CMOS inverter being 
considered here has k R = 2.5 and V nn * |V ro J; hence, it is not a symmetric inverter. 

First, the output low voltage V 0L and the output high voltage V 0H are found, using (5.54) 
and (5.55), as V QL = 0 and V 0H = 5 V. To calculate V IL in terms of the output voltage, we 
use (5.62). 

x/ 2V out +V T0tP -V DD +k R V T0tn 

= 2^-0.7-3.3+L5 =Q57 
1 + 2.5 

Now substitute this expression into the KCL equation (5.59). 

2.5(0.57^ -0.71-0.6) 2 =2(0. 57 V out -0.71-3.3 + 0. l)(V out - 3.3)-(V 0W , -3.3) 2 
This expression yields a second-order polynomial in V 0M , as follows: 
0.66V OM , 2 +0.05V OW ,-6.65=0 

Only one root of this quadratic equation corresponds to a physically correct solution for 
^(i-e..V - >Q). 


From this value, we can calculate the critical voltage V„ as: M0S Inverters: 

Static 

y„=0.57-3.14-0.71=1.08V Characteristics 
To calculate V IH in terms of the output voltage, use (5.67): 


Vop + Vro.,+*/f( 2y o«+Vro, B ) 


V '«- l + k 


R 


= 3.3-0.7 + 2.5(2V ou , + 0.6) = M3 


1+2.5 

Next, substitute this expression into the KCL equation (5.64) to obtain a second-order 
polynomial in V out . 

2. 5 [2 (1. 43 V ou , + 1. 17 - 0. 6) V oul - Vj ] = (l. 43 V out - L 43) 2 

2.61 V OT( 2 +6. 94 V ou( -2.04 = 0 

Again, only one root of this quadratic equation corresponds to the physically correct 
solution for V gut at this operating point, i.e., when V in = V m . 

V OU ,=0.27V 

From this value, we can calculate the critical voltage V IH as: 
V /H =L43 0.37 + 1.17=L55V 

Finally, we find the noise margins for low voltage levels and for high voltage levels using 
(5.3) and (5.4). 

NM L = V lL -V OL = 1.08 V 
NM H = V 0H -V IH = 1.75 V 


Supply Voltage Scaling in CMOS Inverters 


In the following, we will briefly examine the effects of supply voltage scaling, i.e., 
reduction of V DD , upon the static voltage transfer characteristics of CMOS inverters. The 
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f „ u Hioital circuit is a strong function of the supply voltage 
overall power diss.pation of any digital circuit is i a si g i arge .scale integrated 

V DD . ^^^^^^Sr^^^ scaling) of the power 
systems and especially in P^^SSSlJ practiced measures for low-power 
supply voltage emerges as one ^^^J^mAm^^™*** 
design. While such reduction is usually ^^s^ctd. In this context, it is quite 

rc:rssx* - - - 

CM ^s=w: h a V ed^ 

that the static characteristics of the CMOS ™ e ™ ™™ * . Neglecting 
supply voltage without affecting the functional, y of he basic nverfc g 
second-order effects such as subthreshold ^'^^ as low as the 
inverter will continue to operate correctly with a supply voltage wnicn 
following limit value. 


Y DD 


ro.p 


(5.85) 


,„;ii hp unstained if at least one of the transistors 

Thismeansthatcorrectinver^^ 

remainsinconduction.forany ^^y^J^T^SL voltage levels. The 
characteristics ofa = 

PMOS transistors, yet it is clear that the circuit 
operates as an inverter over a large range of supply voltages levels. 


i 

O 
> 

1 

O 


v TM = 1.0V 

^\ Vto.p = - ,ov 


^\ 1 L V 0D = 5.0V 


1 L-4--------" yDD=4 ' 0V 




\~~\ \ v DD = 2.0V (limit case) 


L— V* \^ = V TO.tl + 1 V TO.pl 

L , 1 u — 1 


2 3 4 

Input Voltage (V) 


Fig ure5.2S. VoUagetransfercharacteristicsofaCMOSinvener.obtainedwimdifferentpower 
supply voltage levels. 


It is interesting to note that the CMOS inverter will continue to operate, albeit 
somewhat differently, even beyond the limit described in (5.85). If the power supply 
voltage is reduced below the sum of the two threshold voltages, the VTC will contain a 
region in which none of the transistors is conducting. The output voltage level within 
this region is then determined by the previous state of the output, since the previous output 
level is always preserved as stored charge at the output node. Thus, the VTC exhibits a 
hysteresis behavior for very low supply voltage levels, which is illustrated in Fig. 5.26. 
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is- 



Figure 5.26. Voltage transfer characteristic of a CMOS inverter, operated with a supply voltage 
which is lower than the limit given in (5.85). 


Power and Area Considerations 

Since the CMOS inverter does not draw any significant current from the power source in 
both of its steady-state operating points (V out = V 0H and V QUt = V 0L ), the DC power 
dissipation of this circuit is almost negligible. The drain current that flows through the 
nMOS and the pMOS transistors in both cases is essentially limited to the reverse leakage 
current of the source and drain pn-junctions, and in short-channel MOSFETs, the 
relatively small subthreshold current. This unique property of the CMOS inverter was 
already identified as one of the most important advantages of this configuration. In many 
applications requiring a low overall power consumption, CMOS is preferred over other 
circuit alternatives for this reason. It must be noted, however, that the CMOS inverter 
does conduct a significant amount of current during a switching event, i.e., when the 
output voltage changes from a low to high state, or from a high to low state. The detailed 
calculation of this dynamic power dissipation will be examined in Chapters 6 and 1 1 . 
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Figure 6.27. CMOS inverter used in the dynamic power-dissipa,, 


ion analysis. 


Assuming periodic input and output waveforms, the average power dissipated by any 
device over one period can be found as follows: 


(6.66) 


Since during switching, the nMOS transistor and the pMOS transistor in a CMOS inverter 
conduct current for one-half period each, the average power dissipation of the CMOS 
inverter can be calculated as the power required to charge up and charge down the output 
load capacitance. 



Figure 6.28. Typical input and output voltage waveforms and the capacitor current waveform 
during switching of the CMOS inverter. 
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Evaluating the integrals in (6.67), we obtain 
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p =-L 


out ^load 


load 


V -)\ 

J It/2 


(6.68) 


avg ~ ~ ^load V DD 


Noting that/= 1/r, this expression can also be written as: 

Pavg = Qoad ' VdD 2 f 


(6.69) 


(6.70) 


It is clear that the average power dissipation of the CMOS inverter is proportional 
to the switching frequency/. Therefore, the low-power advantage of CMOS circuits 
becomes less prominent in high-speed operation, where the switching frequency is high. 
Also note that the average power dissipation is independent of all transistor characteris- 
tics and transistor sizes. Consequently, the switching delay times have no relevance to the 
amount of power consumption during the switching events. The reason for this is that the 
switching power is solely dissipated for charging and discharging the output capacitance 
from V OL to V QW and vice versa. 

For this reason, the switching power expression derived for the CMOS inverter also 
applies to all general CMOS circuits, as shown in Fig. 6.29. A general CMOS logic circuit 



T= c toad 


Figure 6.29. Generalized CMOS logic circuit. 


consists of an nMOS logic block between the output node and the ground, and a pMOS 
logic block between the output and V DD . As in the simple CMOS inverter case, either the 
pMOS block or the nMOS block can conduct depending on the input voltage combina- 
tion, but not both at the same time. Therefore, switching power is again dissipated solely 
for charging and discharging the output capacitance. 

To summarize, if the total parasitic capacitance in the circuit can be lumped at the 
output node with reasonable accuracy, if the output voltage swing is between 0 and V DD , 
and if the input voltage waveforms are assumed to be ideal step inputs, the average 
switching power expression (6.70) will hold for any CMOS logic circuit. 

Note that under realistic conditions, when the input voltage waveform deviates from 
ideal step input and has nonzero rise and fall times, for example, both the nMOS and the 
pMOS transistor will simultaneously conduct a certain amount of current during the 
switching event. This is called the short-circuit current, since in this case, the two 
transistors temporarily form a conducting path between the V DD and the ground. The 
additional power dissipation, which is due to the short-circuit current, cannot be predicted 
by the power-dissipation formula (6.70) derived above, since the short-circuit current is 
not being utilized to charge or discharge the output load capacitor. We must be aware that 
this additional power-dissipation term can be quite significant under some nonideal 
conditions. If the load capacitance is increased, on the other hand, the short-circuit 
dissipation term usually becomes negligible in comparison to the power dissipation 
which is due to the charging/discharging of capacitances. 
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Power Meter Simulation 


In the following, we present a simple circuit simulation approach which can be used to 
estimate the average power dissipation of arbitrary circuits (including the effects of short 
circuit and leakage currents), under realistic operating conditions. According to (6.66), 
the average power dissipation of any device or circuit which is driven by a periodic input 
waveform can be found by integrating the product of its instantaneous terminal voltage 
and its instantaneous terminal current over one period. If we have to determine the 
amount of P Qvg drawn from the power supply over one period, the problem is reduced to 
finding only the time-average of the power supply current, since the power supply voltage 
is a constant. 

Using a simple simulation model called the power meter, we can estimate the average 
power dissipation of an arbitrary device or circuit driven by a periodic input, with 
transient circuit simulation. Consider the circuit structure shown in Fig. 6.30, in which 
a zero-volt independent voltage source is connected in series with the power supply 
voltage source V DD of the device or circuit in question. Consequently, the instantaneous 
power supply current i DD (t) which is being drawn by the circuit will also pass through the 
zero- volt voltage source, i s (t) = i DD (t). 

The power meter circuit consists of three elements: a linear current-controlled 
current source, a capacitor, and a resistor, all connected in parallel. The current equation 
for the common node of the power meter circuit can be written as follows: 


^ dy y » v v 


(6.71) 
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Note that the right-hand side of (6.75) corresponds to the average power drawn from the 
power supply source over one period. Thus, the value of the node voltage V y at t = Tgives 
the average power dissipation. 

The power meter circuit shown in Fig. 6.30 can be easily simulated using a 
conventional circuit simulation program such as SPICE, and it enables us to accurately 
estimate the average power dissipation of any circuit with arbitrary complexity. Also note 
that the power meter circuit inherently takes into account the additional power dissipation 
due to the short-circuit currents, which may arise because of nonideal input conditions. 
In the following example, we present a sample SPICE simulation of the power meter for 
estimating the dynamic power dissipation of a CMOS inverter circuit. 
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Example 6.6. 

Consider the simple CMOS inverter circuit shown in Fig. 6.27. We will assume that the 
circuit is being driven by a square-wave input signal with period 7= 20 ns, and that the 
total output load capacitance is equal to 1 pF. The power supply voltage is 5 V. Using the 
average dynamic power-dissipation formula (6.70) derived earlier, we can calculate the 
expected power dissipation to be P = 1.25 mW. 

Now, the circuit with an attached power meter will be simulated using SPICE. The 
corresponding circuit input file is listed here for reference. The controlled current source 
coefficient is calculated as 0.025, according to (6.74). The resistance and capacitance 
values R y and C y are chosen as 100 k£2 and 100 pF to satisfy the condition R y C y » T. 

Power meter simulation: 
nm 3 2 0 0 nmod w=10u l=lu 
rap 3 2 4 1 pmod w=20u l«lu 
vdd 10 5 
vtotp 14 0 

•model nmod nmos (vto=l kp=20u) 

•model pmod jsnos(vto=-l kp=10u) 

vin 2 0 pulse(0 5 8n 2n 2n 8n 20n) 

cl 3 0 lp 

f p 0 9 vtstp 0.025 

rp 9 0 100k 

cp 9 0 lOOp 

.tran In 6 On uic 

.print tran v(3) v(2) 

•print tran i (vtstp) 

•print tran v(9) 

• end 

The simulation results are plotted on the following page. It can be seen that here, the 
significant power supply current is being drawn from the voltage source V DD only during 
the charge-up phase of the output capacitor. The power meter output voltage by the end 
of the first period corresponds to exactly 1.25 mW, as expected. 
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The power-delay product (PDP) is a fundamental parameter which is often used for 
measuring the quality and the performance of a CMOS process and gate design. As a 
physical quantity, the power-delay product can be interpreted as the average energy 
required for a gate to switch its output voltage from low to high and from high to low. We 
have already seen that in a CMOS logic gate, energy is dissipated (i) by the pMOS 
network while the output load capacitance C load is being charged up from 0 to V DD , and 
(ii) by the nMOS network while the output load capacitance is being charged down from 
V DD to 0. Following a simple analysis procedure which is very similar to the one used for 
deriving the average dynamic power dissipation (6.69) in CMOS logic gates and ignoring 
the short-circuit and leakage currents, the amount of energy required to switch the output 
can be found as 
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PDP = C load V DD 2 


(6.76) 


The energy described by (6.76) is mainly dissipated as heat when the nMOS and 
pMOS transistors conduct current during switching. Thus, from a design point-of-view, 
it is desirable to minimize the power-delay product. Since the PDP is a function of the 
output load capacitance and the power supply voltage, the designer should try to keep 
both c ioad and V dd *s sma11 as P ossible when designing a CMOS logic gate. The power- 
delay product is also defined as 


PDP=2P 


avg 


(6.77) 


where P* is the average switching power dissipation at maximum operating frequency 
and T p isTfie average propagation delay, as defined in (6.4). The factor of 2 in (6.77) 
accounts for two transitions of the output, from low to high and from high to low. Using 
(6.69) and (6.4), this expression can be rewritten as 


PDP=2(c load V DD 2 /Jrp 


= 2 


-load Y DD 


1 


X ?HL + X PLH 


f Z PHL + T PLH | 

I 2 J 


(6.78) 


- Cioad Vdd 


which is found to be identical to (6.76). Note that calculating PDP with the generic 
definition of P (6.70) may result in a misleading interpretation that the amount of 
energy required per switching event is a function of the operating frequency. 
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APPENDIX 


Super Buffer Design 

The term super buffer has been used to describe a chain of inverters designed to drive a 
large capacitive load with minimal signal propagation delay time. To reduce delay time, 
it is necessary for the buffer circuit to provide quickly a large amount of pull-up or pull- 
down current to charge or discharge the load capacitor. One seemingly obvious method 
would be to use large pMOS and nMOS transistors in the inverter driving the load 
capacitor. However, such a large buffer has a large input capacitance, which in turn 
creates a large load for the previous stage. Then an alert designer would suggest 
increasing the transistor sizes in the previous stage. If so, then what about the sizing of 
the transistors in the stage prior to the previous stage? Thus the effect of the large load 
can be propagated to many gates preceding the last-stage driver, and indeed such fine 
tuning of transistors is practiced in custom design. An alternative method of handling a 
large capacitive load is to use a super buffer between a logic gate facing the large load 
and the load itself as shown in Fig. A.l. 


MOS Inverters: 
Switching 
Characteristics 
and Interconnect 
Effects 



Cload 


Figure A J. Using a super buffer circuit to drive a large capacitive load. 

Now a major objective of super buffer design becomes: 

Given the load capacitance faced by a logic gate, design a scaled chain of N inverters 
such that the delay time between the logic gate and the load capacitance node is 
minimized. 

To solve this problem, let us first introduce an equivalent inverter for the logic gate 
(NAND2 in this case). For simplicity, it is assumed that the pull-up and pull-down delays 
of the first-stage inverter driving an identical inverter are the same, say t q . The next design 
task is to determine the following: 

• the number of stages, N 

• the optimal scale factor, a 

To determine these quantities, the following observations can be made under uniform en- 
sealing of inverters from one stage to the next in the super buffer shown in Fig. A.2. 
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Figure A.2. Scaled super buffer circuit consisting of N inverter stages. 


For the super buffer, the following observations can be made: 

• C g denotes the input capacitance of the first stage inverter 

• C d denotes the drain capacitance of the first stage inverter 

• the inverters in the chain are scaled up by a factor of a per stage 

• C load = cc™C g 

• all inverters have identical delay of t 0 [c d + aC g ) /{c d + C g ) 


(A.1) 
(A.2) 


where r Q represents the per-gate delay in the ring oscillator circuit with load capacitance 
C g ). Thus the total delay time from the input terminal to the load capacitance node 
becomes 


C d + ccC g 
v C « + C s 


(A3) 


There are two unknowns in this equation. To solve for these unknowns, consider the 
relationship between a and N in (A.l), i.e., 


In 


-load 


(A.4) 


Ina 


Combining (A.3) and (A.4), the following delay relationship can be derived. 


In 


T total - ' 


Ina 


C d+ C g J 


(A.5) 


To minimize the delay, we set the derivative of (A.5) with respect to a equal to zero and 
solve for a. 


total 


da 


I C g J dna) 2 { C d +C g J /no^Q + cJ 


= 0 


(A.6) 
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Solving for a in (A.6) we obtain the following condition for the optimal scale factor. 


a(/„a-l) = -f 


(A.7) 


A special case of the above equation occurs when the drain capacitance is neglected, 
i.e., C d = 0. In that case, the optimal scale factor becomes the natural number e = 2.718. 
However, in reality the drain parasitics cannot be ignored and hence, (A.6) should be 
considered instead. 


der the 


(A.4) 


(A.5) 
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COMBINATIONAL 
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7.1. Introduction 

Combinational logic circuits, or gates, which perform Boolean operations on multiple 
input variables and determine the outputs as Boolean functions of the inputs, are the basic 
building blocks of all digital systems. In this chapter, we will examine the static and 
dynamic characteristics of various combinational MOS logic circuits. It will be seen that 
many of the basic principles used in the design and analysis of MOS inverters in Chapters 
5 and 6 can be directly applied to combinational logic circuits as well. 

The first major class of combinational logic circuits to be presented in this chapter 
is the nMOS depletion-load gates. Our purpose for including nMOS depletion-load 
circuits here is mainly pedagogical, to emphasize the load concept, which is still being 
widely used in many areas in digital circuit design. We will examine simple circuit 
configurations such as two-input NAND and NOR gates and then expand our analysis to 
more general cases of multiple-input circuit structures. Next, the CMOS logic circuits 
will be presented in a similar fashion. We will stress the similarities and differences 
between the nMOS depletion-load logic and CMOS logic circuits and point out the 
advantages of CMOS gates with examples. The design of complex logic gates, which 
allows the realization of complex Boolean functions of multiple variables, will be 
examined in detail. Finally, we will devote the last section to CMOS transmission gates 
and to transmission gate (TG) logic circuits. 

In its most general form, a combinational logic circuit, or gate, performing a Boolean 
function can be represented as a multiple-input single-output system, as depicted in Fig. 
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(a) Calculate the rise time and the fall time of the output signal using 

(i) exact method (differential equations) 

(ii) average current method 

(b) Determine the maximum frequency of a periodic square-wave input signal 
that the output voltage can still exhibit a full logic swing from 0 V to 5 i 
each cycle. 

(c) Calculate the dynamic power dissipation at this frequency. 

Assume that the output load capacitance is mainly dominated by fixed fan 
outcomponents (which are independent of H^and WX Wewanttore-desigri 
the inverter so that the propagation delay times are reduced by 25% 
Determine the required channel dimensions of the nMOS and the pMOS 
transistors. How does this re-design influence the switching (inversion) 
threshold? ' 


(d) 


LL^VT 1 VariablCS T represented ^ node vo| tages, referenced to the ground 
potential. Using positive logic convention, the Boolean (or logic) value of "1" can be 
represented by a high voltage of V DD , and the Boolean (or logic) value of "0" can be 

representedbyalowvoltageofO.TheoutputnodeisloadedwithacapacitanceC, which 
represents the combined parasitic device capacitances in the circuit and the interconnee 
capacitance components seen by the output ^ode. This output load capacitance certainly 
plays a very significant role in the dynamic operation of the logic gate 



'out 


T C 'oad 


Figure 7.1. Generic combinational logic circuit (gate). 

£ S ™ , sim P ,e inverter case - 1,16 volt «ge transfer characteristic (VTC) of a 

g ' C % T Pr °, VideS Va,UaWe informati °n 0" «>e DC operating perfor- 
TrZLtT C ' rCU,t - CnUca, / oIta 8 e P° ints as V OL or V„ are considered ,o bo 
important design parameters for combinational logic circuits. Omer design parameters 
and concerns include the dynamic (transient) response characteristics of me circuit the 
mssTpation 3 ^ * "* *" ° f StatiC ^amic power 

7.2. MOS Logic Circuits with Depletion nMOS Loads 

Two-Input NOR Gate 

The first circuit to be examined in this section is the two-input NOR gate. The circu 
diagram, the logic symbol, and the corresponding truth table of the gate are given in F 
7.2. The Boolean OR operation is performed by the parallel connection of the t 
enhancement-type nMOS driver transistors. If the input voltage V A or the input volto 
V B is equal to the logic-high level, the corresponding driver transistor Zs on " 
provides a conducting path between the output node and the ground. Hence, the outp 
voltage becomes low. In this case, the circuit operates like a depletion-load inverter w 
respect to its static behavior. A similar result is achieved when both V. and V are hi 
in which case two parallel conducting paths are created between the output node and 
ground If, on the other hand, both V A and V B are low, both driver transistors remain e 
off The output node voltage is pulled to a logic-high level by the depletion-type 
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Figure 7.2. A two-input depletion-load NOR gate, its logic symbol, and the corresponding 
truth table. Note that the substrates of all transistors are connected to ground. 

The DC analysis of the circuit can be simplified significantly by considering the 
structural similarities between this circuit and the simple nMOS depletion-load inverter. 
In the following, the calculation of output low and output high voltages will be examined. 

Calculation of V 0H 

When both input voltages V A and V B are lower than the corresponding driver threshold 
voltage, the driver transistors are turned off and conduct no drain current. Consequently, 
the load device, which operates in the linear region, also has zero drain current. In 
particular, its linear region current equation becomes 

^.w=^^ (7.1) 
The solution of this equation gives V QH = V DD . 
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Calculation of V QL 

To calculate the output low voltage V QV we must consider three different cases, i.e., three 
different input voltage combinations, which produce a conducting path from the output 
node to the ground. These cases are 

« v a = v oh v B = v 0L 
OO^Vol v B =v 0H 
Wv A = v OH v B = v 0H 


262 


CHAPTER 7 


For the first two cases, (i) and (ii), the NOR circuit reduces to a simple nMOS depletion- 
load inverter. Assuming that the threshold voltages of the two enhancement-type driver 
trans.stors are identical (V^ = 1^= y^), the driver-to-load ratio of the corresponding 
inverter can be found as follows. In case (i), where the driver transistor A is on, the ratic 


Ir n, driver 

k R — driver, A _ 

hood 


c ft, load — J 

V L J load 


In case (ii), where the driver transistor B is on, the ratio 


(7.2) 


is 


_ 2 driver, B __ 


i, driver 


"■load 


■ njoad 


load 


(73) 


The output low voltage level V QL in both cases is found by using (5.54), as follows: 


Vol-Vob-Vto -j(V 0H - V TO f -\j^.\v Tload{VoL f 

Note that if the ( WIL) ratios of both drivers are identical, i.e., (WIL). = (W/L)„, the outp J 
low voltage (V OL ) values calculated for case (i) and case (ii) will be identical. | 

In case (iii), where both driver transistors are turned on, the saturated load current I 
the sum of the two linear-mode driver currents. 


I D.load ~ I D.driverA + ^D,driverB 


driver, A 


^driver, B 


[2(v A -v TQ )v OL -vS L ] 
[i{v B -v T0 )v OL -v* L ] 


Since the gate voltages of both driver transistors are equal ( V = V B = V OH ), we can devil 
an equivalent driver-to-load ratio for the NOR structure: 


driver, A + ^driver, B _ 
hood 


n, driver 


MM 


K n,load\ r 


(7.7) 
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Thus, the NOR gate with both of its inputs tied to a logic-high voltage is replaced with 
an nMOS depletion-load inverter circuit with the driver-to-load ratio given by (7.7). The 
output voltage level in this case is 


Vol = Voh-Vto- j( V o»-^o) 2 "^ 


Voad 


4- It 

driver, A T ^driver, B ) 


v T,load 


M 2 


(7.8) 


Note that the V 0L given by (7.8) is lower than the V 0L values calculated for case (i) and 
for case (ii), when only one input is logic-high . We conclude that the worst-case condition 
from the static operation viewpoint, i.e., the highest possible V QL value, is observed in 
case (i) or in (ii). 

This result also suggests a simple design strategy for NOR gates. Usually, we have 
to achieve a certain maximum V QL for the worst case, i.e., when only one input is high. 
Thus, we assume that one input (either V A or V B ) is logic-high and determine the driver- 
to-load ratio of the resulting inverter using (7.4). Then set 


k driver, A T & 'driver, B"^R ^load 


(7.9) 


This design choice yields two identical driver transistors, which guarantee the required 
value of V 0L in the worst case. When both inputs are logic-high, the output voltage is even 
lower than the required maximum V QV thus the design constraint is satisfied. 


Exercise 7.1. 

Consider the depletion- load nMOS NOR2 gate shown in Fig. 7.2, with the following 
parameter 

= 0.6 V. The transistor dimensions are given as (W/L) A = 2, (W/L) B = 4, and 
(W/L) load = 1/3. The power supply voltage is V DD = 5 V. 

Calculate the output voltage levels for all four valid input voltage combinations. 
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Generalized NOR Structure with Multiple Inputs 

Atthispoint, wecanexpandour analysis to generalized n-input NOR gates which consist 
of n parallel driver transistors, as shown in Fig. 7.3. Note that the combined current l D in 
this circuit is supplied by the driver transistors which are turned on, i.e., transistors which 
have gate voltages higher than the threshold voltage V w 


H 


V D0 


'oil 


"d4| M 


V HL V HL V H[ 



Figure 7.3. Generalized n-input NOR gate. 

The combined pull-down current can then be expressed as follows: 


k(on) 


linear 


saturation 


Assuming that the input voltages of all driver transistors are identical, 

VW=V 0S M k = \,2,...,n 
the pull-down current expression can be rewritten as 


(7.10) 


(7.11) 


1 

mi 1 

I 
I 


2 {k(on) yLJk ) 


linear 


saturation 


(7.12) 
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eq 


Figure 7.4. Equivalent inverter circuit corresponding to the n-input NOR gate. 

Thus, the multiple-input NOR gate can also be reduced to an equivalent inverter, shown 
in Fig. 7.4, for static analysis. The (W/L) ratio of the driver transistor here is 


(-1 =£(-] 

V L ) equivalent k ( on )< 


(7.13) 


Note that the source terminals of all enhancement-type nMOS driver transistors in the 
NOR gate are connected to ground. Thus, the drivers do not experience any substrate-bias 
effect. The depletion-type nMOS load transistor, however, is subject to substrate-bias 
effect, since its source is connected to the output node, and its source-to-substrate voltage 


ls ^sb ~ ^out- 
Transient Analysis of NOR Gate 

Figure 7.5 shows the two-input NOR (NOR2) gate with all of its relevant parasitic device 
capacitances. As in the inverter case, we can combine the capacitances seen in Fig. 7.5 
into one lumped capacitance, connected between the output node and the ground. The 
value of this combined load capacitance, C lauP can be found as 


-load 


~ Cgd.A + Cgd,B + C gd,load + Qm 


+ Cdb,B+CsbJoad 


+ C 4 


wire 


(7.14) 


Note that the output load capacitance given in (7.14) is valid for simultaneous as well as 
for single-input switching, i.e., the load capacitance C load will be present at the output 
node even if only one input is active and all other inputs are low. This fact must be taken 
into account in calculations using the inverter equivalent of the NOR gate. The load 
capacitance at the output node of the equivalent inverter corresponding to a NOR gate is 
always larger than the total lumped load capacitance of an actual inverter with the same 
dimensions. Hence, while the static (DC) behaviors of the NOR gate and the inverter are 
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essentially equivalent in this case, the actual transient response of the NOR gate will be 
slower than that of the inverter. 



Figure 7.5. Parasitic device capacitances in the NOR2 gate and the lumped equivalent load 
capacitance. The gate-to-source capacitances of the driver transistors are included in the load of 
the previous stages driving the inputs A and B. 

Two-Input NAND Gate 

Next, we will examine the two-input NAND (NAND2) gate. The circuit diagram, the 
logic symbol, and the corresponding truth table of the gate are given in Fig. 7.6. The 
Boolean AND operation is performed by the series connection of the two enhancement- 
type nMOS driver transistors. There is a conducting path between the output node and the 


ground only if the input voltage V A and the input voltage V B are equal to logic-high, i.e., 
only if both of the series-connected drivers are turned on. In this case, the output voltage 
will be low, which is the complemented result of the AND operation. Otherwise, either 
one or both of the driver transistors will be off, and the output voltage will be pulled to 
a logic-high level by the depletion-type nMOS load transistor. 

Figure 7.6 shows that all transistors except the one closest to the ground are subject 
to substrate-bias effect, since their source voltages are larger than zero. We have to 
consider this fact in detailed calculations. For all of the three input combinations which 
produce a logic-high output voltage, the corresponding V QH value can easily be found as 
V OH = V DD . The calculation of the logic-low voltage V ov on the other hand, requires a 
closer investigation. 
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Z = A- B 


v A 

v B 

Vout 

low 

low 

high 

low 

high 

high 

high 

low 

high 

high 

high 

low 


Figure 7.6. A two-input depletion-load NAND gate, its logic symbol, and the corresponding 
truth table. Notice the substrate-bias effect for all nMOS transistors except one. 

Consider the NAND2 gate with both of its inputs equal to V ow as shown in Fig. 7.7. 
It can easily be seen that the drain currents of all transistors in the circuit are equal to each 
other. 


^DJoad ~~ lo.drivcrA ~* ^D,driverB 


(7.15) 


K load 


K.!«f(V 0 L)f = 


* driver, A 


kj f J -[2(Vas,B-V T , B )v DS , B -V^ B ] 


(7.16) 
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V 0 ut = V 0 L 


v a =v 0 h— |r 


v b =v 0 h — |r 


Figure 7. 7. The NAND2 gate with both of its inputs at logic-high level. 

The gate-to-source voltages of both driver transistors can be assumed to be approximately 
equal to V oir Also, we may neglect, for simplicity, the substrate-bias effect for driver 
transistor A, and assume V T ^ = V TB = V TO , since the source-to-substrate voltage of driver 
A is relatively low. The drain-to-source voltages of both driver transistors can then be 
solved from (7.16) as 


V ds ,a = Voh ~ Vto - j(^-Vro) 2 "(^) KU^)f 


(7.17) 


v DS . B =v OH -v T0 -\(v OH -v T0 ) 2 -[-A^-W r , ioa ,(v ot )| 2 

y \ K drivcr,B J 


(7.18) 


Let the two driver transistors be identical, i.e., k driver A = k driver B = k driver . Noting that the 
output voltage V 0L is equal to the sum of the drain-to-source voltages of both drivers, we 
obtain 


Voh ~ Vto " ^-^f-^j'Ki-^OLjf 


(7.19) 


The following analysis gives a better and more accurate view of the operation of two 
series-connected driver transistors. Consider the two identical enhancement- type nMOS 
transistors with their gate terminals connected. At this point, the only simplifying 


assumption will be V T ^ = V TB = V m When both driver transistors are in the linear region, 
the drain currents can be written as 


_ "driver 


(7.20) 
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l D,B = d ™ r \AyGS,B ~ V To) V DS.B " ^DS,*] 


Since I DA = I D B > this current can also be expressed as 


Id-Id,a~Id,b-' 


Id,a + Id,b 


Using V GW = V GSB - V DS , r (7.22) yields 


(7.21) 


(7.22) 


(7.23) 


Now let V GS = V C5 fl and V DS = V DS>1 + V w The drain-current expression can then be 
written as follows. 


D =^[2(V cs -V ro )V os -Vj s ] 


(7.24) 


Thus, two nMOS transistors connected in series and with the same gate voltage behave 
like one nMOS transistor with k — 0.5 ^ n - Vtfr - 

Generalized NAND Structure with Multiple Inputs 

At this point, we expand our analysis to generalized n-input NAND gates, which consist 
of n series-connected driver transistors, as shown in Fig. 7.8. Neglecting the substrate- 
bias effect, and assuming that the threshold voltages of all transistors are equal to V m the 
driver current l D in the linear region can be derived as in Eq. (7.25) whereas l D in 
saturation is taken as its extension. 


[2(VW ro )V ou ,-V 0 2 Br ] linear 

K-v ro ) 2 


saturation 


(7.25) 
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cquivaten, ^7W\~ 


(7.26) 


If the series-connected transistors are identical, i.e., (WIL\ - (W/L) 2 
width-to-length ratio of the equivalent transistor becomes 


= . . . = (W/L), the 


(W/t) load 



"out 


rJ 


V P0 

1<y 


"out 


(W/L), 


eq 


Figure 7.8. The generalized NAND structure and its inverter equivalent. 


(-1 =i f-l 
V LJ equim u n , n \ LJ 


(7.27) 


The NAND design strategy which emerges from this analysis is summarized as 
follows, for an n-input NAND. First, we determine the (W/L) ratios for an equivalent 
inverter that satisfies the required V QL value. This gives us the driver transistor ratio 
(W/L), and the load transistor ratio (WIL) load . Then, we set the (W/L) ratios of all 
NANDdriver transistors as (WIL) i = (W/L) 2 =...=« (WIL) dHver . This guarantees that the 
series structure consisting of n driver transistors has an equivalent (W/L) ratio of 
(W/L) driver when all inputs are logic-high. 


For a two-input NAND gate, this means that each driver transistor must have a 
(W/L) ratio twice that of the equivalent inverter driver. If the area occupied by the 
depletion-type load transistor is negligible, the resulting NAND2 structure will occupy 
approximately four times the area occupied by the equivalent inverter which has the same 
static characteristics. 
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Transient Analysis of NAND Gate 


Figure 7.9 shows a NAND2 gate with all parasitic device capacitances. As in the inverter 
case, we can combine the capacitances seen in Fig. 7.9 into one lumped capacitance, 
connected between the output node and the ground. The value of the lumped capacitance 
C load , however, depends on the input voltage conditions. 


C gd,load =fc 


HE 


-gd.A =$= 


"gs.A 


C sb,load 


v out 


C dbf A -L- 


C sb,A =r 


C wire 


C gd,B s!= 


C db,B s|s 


Figure 7.9. Parasitic device capacitances in the NAND2 gate. 

Assume, for example, that the input V A is equal to V 0H and the other input V B is 
switching from V OH to V QV In this case, both the output voltage V out and the internal node 
voltage V x will rise, resulting in 


gd.load 
db,A 


wire 


(7.28) 


Note that this value is quite conservative and fully reflects the internal node capacitances 
into the lumped output capacitance C load . In reality, only a fraction of the internal node 
capacitance is reflected into C l(xut 

Now consider another case where V B is equal to V QH and V A switches from V QH to 
V 0L . In this case, the output voltage V om will rise, but the internal node voltage V x will 
remain low because the bottom driver transistor is on. Thus, the lumped output capaci- 
tance is 

C load = Cgdjoad + C gd,A + C db,A + C sb,load + C wire (7.29) 

It should be noted that the load capacitance in this case is smaller than the load capacitance 
found in the previous case. Thus, it is expected that the high-to-low switching delay from 
signal B connected to the bottom transistor is larger than the high-to-low switching delay 
from signal A connected to the top transistor. 
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Example 7.1. 

A depletion-load nMOS NAND2 gate is simulated with SPICE for the two different input 
switching events described above. The SPICE input file of the circuit is listed in the 
following. Note that the total capacitance between the intermediate node X and the 
ground is assumed to be half of the total capacitance appearing between the output node 
and the ground. 



Case 1 


Case 2 


NAND2 circuit delay analysis 
ml 3 1 0 0 mn w=5u l=lu 
m2 4 2 3 0 mn w=5u l=lu 
xa3 5 4 4 0 mnd w=lu l=3u 
cl 4 0 O.lp 
cp 3 0 0.05p 
vdd 5 0 dc 5.0 

1 (upper input switching from high to low) 
0 dc pulse (5.0 0.0 Ins Ins 2ns 40ns 50ns) 

0 dc 5.0 

2 (lower input switching from high to low) 
2 0 dc 5.0 

1 0 dc pulse (5.0 0.0 ins Ins 2ns 40ns 50ns) 
•model znn nmos (vto=1.0 kp=25u gamma«0.4) 

•model mnd nmos (vto=-3 .0 kp=25u gamma =0.4) 

.tran 0.1ns 40ns 

.print tran v(l) v(2) v(4) 

.end 
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* case 
vinl 2 
vin2 1 

* case 

* vinl 

* vin2 



4.0 10" 8 


The simulated transient response of the NAND2 gate for both cases is plotted against 
time above. The time delay difference between the two cases is clearly visible. In fact, 
the propagation delay time in Case 2 is about 30% larger than that in Case 1 , which proves 
that the input switching order has a significant influence on speed. 
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CHAPTER 7 CMOS NOR2 (Two-Input NOR) Gate 

The design and analysis of CMOS combinational logic circuits can be based on the basic 
principles developed for the nMOS depletion-load logic circuits in the previous section. 
Figure 7.10 shows the circuit diagram of a two-input CMOS NOR gate. Note that the 
circuit consists of a parallel-connected n-net and a series-connected complementary p- 
net. The input voltages V A and V B are applied to the gates of one nMOS and one pMOS 
transistor. 



Figure 7.10. A CMOS NOR2 gate and its complementary operation: Either the nMOS network 
is on and the pMOS network is off, or the pMOS network is on and the nMOS network is off. 

The complementary nature of the operation can be summarized as follows: When 
either one or both inputs are high, i.e., when the n-net creates a conducting path between 
the output node and the ground, the p-net is cut-off. On the other hand, if both input 
voltages are low, i.e., the n-net is cut-off, then the p-net creates a conducting path between 
the output node and the supply voltage V DD . Thus, the dual or complementary circuit 
structure allows that, for any given input combination, the output is connected either to 
v dd or t0 ground via a low-resistance path. A DC current path between the V DD and 
ground is not established for any of the input combinations. This results in the fuliy 
complementary operation mode already examined for the simple CMOS inverter circuit. 

The output voltage of the CMOS NOR2 gate will attain a logic-low voltage of V 
= 0 and a logic-high voltage of V OH = V DD . For circuit design purposes, the switching 
threshold voltage V th of the CMOS gate emerges as an important design criterion. We start 
our analysis of the switching threshold by assuming that both input voltages switch 
simultaneously, i.e., V A = V B . Furthermore, it is assumed that the device sizes in each 
block are identical, (W/L) n A = (W/L) n B and (W/L) pA = (W7L) and the substrate-bias 
effect for the pMOS transistors is neglected for simplicity. 


By definition, the output voltage is equal to the input voltage at the switching 
threshold. 


v A =v B =v out = v, h 


(7.30) 


= V Dy The combined drain current of the two nMOS transistors is 


It is obvious that the two parallel nMOS transistors are saturated at this point, because V GS 

(7.31) 


/ D =*„(^-V r , B ) 
Thus, we obtain the first equation for the switching threshold V lh . 


(7.32) 


Examination of the p-net in Fig. 7. 10 shows that the pMOS transistor M3 operates in the 
linear region, while the other pMOS transistor, M4, is in saturation for V ln = V oul . Thus, 


' D 3 =^(v dd -v lh -\v TiP \)v SDi - V s 2 m 


(7.33) 


The drain currents of both pMOS transistors are identical, i.e., I D3 = I M = I D . Thus, 


V DD -V rt -|V T J=2^ 


(7.35) 


This yields the second equation of the switching threshold voltage V th . Combining (7.32) 
and (7.35), we obtain 


V (A (NOR2)=- 


V T .n + 


1 ft 


2\K 


( V DO-K\) 


2\K 


(7.36) 
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Now compare this expression with the switching threshold voltage of the CMOS inverter, 
which was derived in Chapter 5. 


276 


CHAPTER 7 



(7.37)' 


If K - k P and v r,n = \ v tJ> * e switching threshold of the CMOS inverter is equal to 
V D J2. Using the same parameters, the switching threshold of the NOR2 gate is 

V rA (NOR2)=^l^L (73g) 

which is not equal to V DD /2. For example, when V DD = 5 V and V Tn = \V Tp \ = 1 V, the 
switching threshold voltages of the NOR2 gate and the inverter are 


V„,(NOR2) = 2 V 
V,„(INR) = 2.5V 

The switching threshold voltage of the NOR2 gate can also be obtained by using the 
equivalent-inverter approach. When both inputs are identical, the parallel-connected 
nMOS transistors can be represented by a single nMOS transistor with 2k n . Similarly, the 
series-connected pMOS transistors are represented by a single pMOS transistor with 
k p /2. The resulting equivalent CMOS inverter is shown in Fig. 7.1 1. 

Using the inverter switching threshold expression (7.37) for the equivalent inverter 
circuit, we obtain 


V;„(NOR2) = 



(7.39) 


which is identical to (7.36). 

From (7.36), we can easily derive simple design guidelines for the NOR2 gate. For 
example, in order to achieve a switching threshold voltage of V DI /2 for simultaneous 
switching, we have to set V Tn = | V Tp \ and k = 4 k n . 
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11. A CMOS NOR2 gate and its inverter equivalent. 

) 7. 12 shows the CMOS NOR2 gate with the parasitic device capacitances, the 
[juivalent, and the corresponding lumped output load capacitance. In the worst 
ItOtal lumped load capacitance is assumed to be equal to the sum of all internal 
ptevice capacitances seen in Fig. 7.12. 

IAND2 (Two-Input NAND) Gate 

if t 

|shows a two-input CMOS NAND (NAND2) gate. The operating principle of 
Is the exact dual of the CMOS NOR2 operation examined earlier. The n-net 
If two series-connected nMOS transistors creates a conducting path between 
|b<ie and the ground only if both input voltages are logic-high, i.e., are equal 
lis case, both of the parallel-connected pMOS transistors in the p-net will be 
5ther input combinations, either one or both of the pMOS transistors will be 
ggtle the n-net is cut-off, thus creating a current path between the output node 
• supply voltage. 

Janalysis similar to the one developed for the NOR2 gate, we can easily 
switching threshold for the CMOS NAND2 gate. Again, we will assume that 
lib in each block are identical, with (W/L) nA = (W/L) nB and (W/L) pA = 
^witching threshold for this gate is then found as 


»NAND2) = 


(7.40) 
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Figure 7.12. Parasitic device capacitances of the CMOS NOR2 circuit and the simplified 
equivalent with the lumped output load capacitance. 
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Figure 7.13. A CMOS NAND2 gate and its inverter equivalent. 


As we can see from (7.40), a switching threshold voltage of V DD /2 (for simultaneous 
switching) is achieved by setting V Tn = \V Tp \ and k n = 4 k p in the NAND2. 

At this point, we can state the following observation about the area requirements of 
CMOS combinational logic gates. In comparison with equivalent nMOS depletion-load 
logic, the total number of transistors in CMOS gates is about twice the number of 
transistors in nMOS gates (2n vs. (*+l) for n inputs). The silicon area occupied by the 
CMOS gate, however, is not necessarily twice the area occupied by the nMOS depletion- 
load gate, since a significant portion of the silicon area must be reserved for signal routing 
and contacts in both cases. Thus, the area disadvantage of CMOS logic may actually be 
smaller than the simple transistor count suggests. 


Layout of Simple CMOS Logic Gates 

In the following, we will examine simplified layout examples for CMOS NOR2 and 
NAND2 gates. Figure 7.14 shows a sample layout of a CMOS NOR2 gate, using single- 
layer metal and single-layer polysilicon. 

In this example, the p-type diffusion area for pMOS transistors and the n-type 
diffusion area for nMOS transistors are aligned in parallel to allow simple routing of the 
gate signals via two parallel polysilicon lines running vertically. Figure 7.15 shows the 
layout of a CMOS NAND2 gate, using the same basic layout principles as in the NOR2 
layout example. 
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Figure 7.14. Sample layout of the CMOS NOR2 gate. 
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Figure 7.15. Sample layout of the CMOS NAND2 gate. 

Finally, Fig^ 7.16 shows a simplified (stick diagram) view of the CMOS NOR2 eate 
iayout g.ven tn Fig. 7. 14. Here, the diffusion areas are depicted by rectangle SmS 


polysilicon column are represented by etoss-hatehetl strips. The rtckS,™ 



VDD 


OUT 


GND 


A B 

Figure 7.16. Stick-diagram layout of the CMOS NOR2 
7.4. Complex Logic Circuits 


gate. 


To realize arbitrary Boolean functions of multiple input variable, th* 
structures and design principles developed for S^RS^S^^ZZ 
prev,ous sections can easily be extended to complex logic R ates The^iw i 
complex logic functions using a small number JlnJ^^t^^SS^ 
features of nMOS and CMOS logic circuits. attractive 


Consider the following Boolean function as an example. 


Z=A(D+E) + BC (741) 

;So 7 wi 7 „« w ^ 

" ?L 0perati ° nS are P erformed by parallel-connected drivers 

• AND operations are performed by series-connected drivers 

• Inversion is provided by the nature of MOS circuit operation. 

I to™ V ? dtlm JT A hCre f ° r individual in P UtS and corresponding driver transis 
tors can also beextended to circuit sub-blocks, so that Boolean OR and A^LraS 
lean be performed in a nested circuit structure Th,,, »„.„m • . ana ™ U i 0 P eratl °ns 
Lnststs Of series- ,„< p^U-SSEX «*** 
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V DD 


(W/LJtoad 


'out 


2 


A_|r(W/L) A B_-jr(W/L) B 


D— |Qw/L) D E — |[J(W/L) E C — |[jw/l->C 

Figure 7.17. nMOS complex logic gate realizing the Boolean function given in (7.41). 

In Fig 7.17, the left nMOS driver branch consisting of three driver transistors is used to 
perform the logic function A(D + E), while the right-hand side branch performs the 
foS.BC By connecting the two branches in parallel, and by placng die _ load 
uTsistor between the output node and the power supply voltage V we obtain the 
como ex fencto given in (7.41). Each input variable is assigned to only one driver. 

£l£S*£ and design of complex logic gates, we can employ the eqvuvalent- 
inverte IppJoa h aheady usJo for the simpler NOR and NAND gates. It can be shown 
KS Fig. 7.17" that, if all input variables are logic-high, the eqmvalent-dnver 
m'ratio of the pull-down network consisting of five nMOS transistors is 


f-1 


equivalent 


(7.42) 


For calculating the logic-low voltage level V 0L , we have to consider vanous cases, 
since L value of V OL actually depends on the number and the configuration of die 
c^mrloS transistors In each case. All possible configurations are tabu ated 
blw Each^onfiguration is assigned a class number which reflects the total resistance 
of the current path from V oul node to ground 


A-D 
A-E 
B-C 
A-D-E 


Class 1 
Class 1 
Class 1 
Class 2 


A - D - B - C Class 3 

A - E - B - C Class 3 

A-D-E-B-C Class 4 



suming that all driver transistors have the same ( W/L) ratio, a Class 1 path such as (B- 
) has the highest series resistance, followed by Class 2, Class 3, etc. Consequently, the 
jpgic-low voltage levels corresponding to each class have the following order, where 
ach subscript numeral represents the class number. 


Volx > Voli > Vol* > Vou 


(7.43) 


The design of complex logic gates is based on the same ideas as the design of NOR 
d NAND gates. We usually start by specifying a maximum V 0L value. The design 
ecti ve is to determine the driver and load transistor sizes so that the complex logic gate 
ie ves the specified V OL value even in the worst case. The given V 0L value first allows 
to find the (W/L) load and ( W/L) driver ratios for an equivalent inverter. Next, we have to 
lentify all worst-case (Class 1) paths in the circuit, and determine the transistor sizes in 
£$e worst-case paths such that each Class 1 path has the equivalent driver ratio of 

In this example, this design strategy yields the following ratios for the three worst- 
i paths. 
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(t)At)At) 
(tHtHt) 


L / driver 


(7.44) 


i transistor sizes found above guarantee that, for all other input combinations, the 
|c*low output voltage level will be less than the specified V QV 


nplex CMOS Logic Gates 

Realization of the n-net, or pull-down network, is based on the same basic design 
liples examined earlier. The pMOS pull-up network, on the other hand, must be the 
|Eetworkof the n-net. This means that all parallel connections in the nMOS pull-down 
|rk will correspond to a series connection in the pMOS pull-up network, and all 
iponnections in the pull-down network correspond to a parallel connection in the 
Eg) network. 
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Figure 7.18. Construction of the dual pull-up graph from the pull-down graph, using the dual 
graph concept. 


v D 



Figure 7.19. A complex CMOS logic gate realizing the Boolean function (7.41). 


Figure 7. 18 shows the simple construction of the dual p-net (pull-up) graph from the 
n-net (pull-down) graph. Each driver transistor in the pull-down network is represented 
by an edge, and each node is represented by a vertex in the pull-down graph. Next a new 
vertex is created within each confined area in the pull-down graph, and neighboring 
vertices are connected by edges which cross each edge in the pull-down graph only once 
This new graph represents the pull-up network. The resulting CMOS complex logic gate 
is shown in Fig. 7.19. 6 6 

Layout of Complex CMOS Logic Gates 

Now, we will investigate the problem of constructing a minimum-area layout for the 
complex CMOS logic gate. Figure 7.20 shows the stick-diagram layout of a "first 
attempt," using an arbitrary ordering of the polysilicon gate columns. Note that in this 
case, the separation between the polysilicon columns must allow for one diffusion-to- 
diffusion separation and two metal-to-diffusion contacts in between. This certainly 
consumes a considerable amount of extra silicon area. 

If we can minimize the number of diffusion-area breaks both for nMOS and for 
pMOS transistors, the separation between the polysilicon gate columns can be made 
smaller, which will reduce the overall horizontal dimension and, hence, the circuit layout 
area. The number of diffusion breaks can be minimized by changing the ordering of the 
polysilicon columns. 
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Figure 720 Stick-diagram layout of the complex CMOS logic gate, with an arbitrary ordering 
of the polysilicon gate columns. ' 6 


A simple method for finding the optimum gate ordering is the Euler-path approach- 
tind a Euler path in the pull-down graph arid a Euler path in the pull-up graph with 


graphs in our example. 



nMOS network 


Common Euler path 
E-D- A-B-C 


u 


A 1 


\\ 





Mo 


t) 


pMOS network 


JeTln both cases, the Euler path starts at (x) and ends at (y). 



It is seen that there is a common sequence (E - D - A - B - C) in both graphs, i.e., a 
Euler path. The polysilicon gate columns can be arranged according to this sequence, 
which results in uninterrupted p-type and n-type diffusion areas. The stick diagram of the 
new layout is shown in Fig. 7.22. In this case, the polysilicon column separation M has 
to allow for only one metal-to-diffusion contact. The advantages of this new layout are 
more compact (smaller) layout area, simple routing of signals, and consequently, less 
parasitic capacitance. 

As a further example of complex CMOS gates, the full-CMOS implementation of the 
exclusive-OR (XOR) function is shown in Fig. 7.23. Note that two additional inverters 
are also needed to obtain the inverse of both input variables (A and B). With these 
inverters, the CMOS XOR circuit in Fig. 7.23 requires a total of 12 transistors. Other 
CMOS realizations of the XOR gate that can be implemented with fewer transistors will 
be examined later. 
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Figure 7.23. Full-CMOS implementation of the XOR function. 


AOI and OAI Gates 

While theoretically there are no strict limitations on the topology of the pull-down and 
the corresponding pull-up networks in a complex CMOS logic gate, we may recognize 
two important circuit categories as subsets of the general complex CMOS gate topology. 
These are the AND-OR-INVERT (AOI) gates and the OR-AND-INVERT (OAI) gates. 
The AOI gate, as its name suggests, enables the sum-of-products realization of a Boolean 
function in one logic stage (Fig. 7.24). The pull-down net of the AOI gate consists of 
parallel branches of series-connected nMOS driver transistors. The corresponding p-type 
pull-up network can simply be found using the dual-graph concept 
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Figure 7.24. An AND-OR-INVERT (AOI) gate and the corresponding pull-down net. 

The OAI gate, on the other hand, enables the product-of-sums realization of a 
Boolean function in one logic stage (Fig. 7.25). The pull-down net of the OAI gate 
consists of series branches of parallel-connected nMOS driver transistors, while the 
corresponding p-type pull-up network can be found using the dual-graph concept. 



Figure 7.25. An OR-AND-INVERT (OAI) gate, and the corresponding pull-down net. 


Pseudo-nMOS Gates 
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The large area requirements of complex CMOS gates present a problem in high-density 
designs, since two complementary transistors, one nMOS and one pMOS, are needed for 
every input. One possible approach to reduce the number of transistors is to use a single 
pMOS transistor, with its gate terminal connected to ground, as the load device (Fig. 
7.26). With this simple pull-up arrangement, the complex gate can be implemented with 
much fewer transistors. The similarities of pseudo-nMOS gates to depletion-load nMOS 
logic gates are obvious. 

The most significant disadvantage of using a pseudo-nMOS gate instead of a full- 
CMOS gate is the nonzero static power dissipation, since the always-on pMOS load 
device conducts a steady-state current when the output voltage is lower than V DD . Also, 
the value of V QL and the noise margins are now determined by the ratio of the pMOS load 
transconductance to the pull-down or driver transconductance. 
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Figure 7.26. The pseudo-nMOS implementation of the OAI gate in Fig. 7.25. 


Example 7.2. 


The simplified layout of a CMOS complex logic circuit is given below. Draw the 
corresponding circuit diagram, and find an equivalent CMOS inverter circuit for 
simultaneous switching of all inputs, assuming that (W/L) p = 15 for all pMOS transistors 


and (WIL) n = 10 for all nMOS transistors. 
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CMOS Full-Adder Circuit 

sum_out =i4©fl©C 
carry _ out = i4£ + 4C + flC 

output. This implementation will uS^^^^.^ to » Bn « ,8,, »"» 
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of the full-adder circuit Ut ' ,,Zed f ° F the ^istor-level realization 
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Figure 7.27. Gate-level schematic of the one-bit full-adder circuit. 

The transistor-level design of the CMOS full-adder circuit is shown in Fig. 7.28. 
Note that the circuit contains a total of 14 nMOS and 14 pMOS transistors, together 
with the two CMOS inverters which are used to generate the outputs. 
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Figure 7.28. Transistor-level schematic of the one-bit full-adder circuit. 


The mask layout of the full-adder circuit, which has been designed using the simple 
layout optimization strategy described earlier in this section, is shown in Fig. 7.29. 
Note, however, that all nMOS and pMOS transistors in this layout have the same (W/L) 
ratio. In order to optimize the transient (time-domain) performance of the circuit, it is 
usually necessary to adjust the transistor dimensions individually, as already shown in 
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CMOS full-adder circuit is shown in Fig. 7.30. 
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Figure 7.30. Mask layout of the optimized CMOS full adder circuit. 

pie simulated input and output voltage waveforms of the one-bit CMOS full adder are 
Shown in Fig. 7.31. Please refer to the detailed design example that was presented in 
jShapter 1 for further design information. 



Figure 7.31. Simulated input and output waveforms of the CMOS full-adder circuit. 

The full-adder circuit presented here can be used as the basic building block of a 
general n-bit binary adder, which accepts two n-bit binary numbers as input and produces 
the binary sum at the output. The simplest such adder can be constructed by a cascade- 
connection of full adders, where each adder stage performs a two-bit addition, produces 
the corresponding sum bit, and passes the carry output on to the next stage. Hence, this 
cascade-connected adder configuration is called the carry ripple adder (Fig. 7.32). The 
overall speed of the carry ripple adder is obviously limited by the delay of the carry bits 
rippling through the carry chain; therefore, a fast carry.out response becomes essential 
for the overall performance of the adder chain. 
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Figure 7.32. Block diagram of a carry ripple adder chain consisting of full adders. 


7.5. CMOS Transmission Gates (Pass Gates) 


In this section, we will examine a simple switch circuit called the CMOS transmission 
gate (TG) or pass gate, and present a new class of logic circuits which use the TGs as their 
basic building blocks. As shown in Fig. 7.33, the CMOS transmission gate consists of one 
nMOS and one pMOS transistor, connected in parallel. The gate voltages applied to these 
two transistors are also set to be complementary signals. As such, the CMOS TG operates 
as a bidirectional switch between the nodes A and B which is controlled by signal C. 

If the control signal C is logic-high, i.e., equal to V DD , then both transistors are turned 
on and provide a low-resistance current path between the nodes A and B. If, on the other 
hand, the control signal C is low, then both transistors will be off, and the path between 
the nodes A and B will be an open circuit. This condition is also called the high-impedance 
state. 

Note that the substrate terminal of the nMOS transistor is connected to ground and 
the substrate terminal of the pMOS transistor is connected to V D£r Thus, we must take into 
account the substrate-bias effect for both transistors, depending on the bias conditions. 
Figure 7.33 also shows three other commonly used symbolic representations of the 
CMOS transmission gate. 

For a detailed DC analysis of the CMO$ transmission gate, we will consider the 
following bias condition, shown in Fig. 7.34. The input node (A) is connected to a 
constant logic-high voltage, V in = V DD . The control signal is also logic-high, thus ensuring 
that both transistors are turned on. The output node (B) may be connected to a capacitor, 
which represents capacitive loading of the subsequent logic stages driven by the 
transmission gate. We will now investigate the input-output current- voltage relationship 
of the CMOS TG as a function of the output voltage V Q . 


c 


A 



C 


Figure 733. Four different representations of the CMOS transmission gate (TG). 

It can be seen from Fig. 7.34 that the drain-to-source and the gate-to-source voltages 
of the nMOS transistor are 
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r out 


(7.45) 


Thus, the nMOS transistor will be turned off for V m > V DD - V Tn and will operate in the 
saturation mode for V QUS < V DD - V Tn . The V DS and V GS voltages of the pMOS transistor 
are 


V DS,p- V out~ V DD 


(7.46) 


Consequently, the pMOS transistor is in saturation for V out < \V T \ 9 and it operates in the 
linear region for V OUJ > \V T \. Note that, unlike the nMOS transistor, the pMOS transistor 
remains turned on, regardless of the output voltage level V OUJ , 

This analysis has shown that we can identify three operating regions for the CMOS 
transmission gate, depending on the output voltage level. These operating regions are 
depicted in Fig. 7.34 as functions of V QUt . The total current flowing through the 
transmission gate is the sum of the nMOS drain current and the pMOS drain current. 


(7.47) 


Vin = V DD 
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Figure 734. Bias conditions and operating regions of the CMOS transmission gate, shown as 
functions of the output voltage. 


At this point, we may devise an equivalent resistance for each transistor in this structure, 
as follows. 


l SD,p 


(7.48) 
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The total equivalent resistance of the CMOS TG will then be the parallel equivalent of 
these two resistances, R eqn and R eqp . Now, we will calculate the equivalent resistance 
values for the three operating regions of the transmission gate. 


Region 1 

Here, the output voltage is smaller than the absolute value of the pMOS transistor 
threshold voltage, i.e., V ouS < \V Tp \. According to Fig. 7.34, both transistors are in 
saturation. We obtain the equivalent resistance of both devices as 


l{yDD~Voui) 

k„(V DD -V 0Ut -V Trn f 

2(y op -y OM( ) 

k p (v DD -\v T , p \f 


(7.49) 


(7.50) 


Note that the source-to-substrate voltage of the nMOS transistor is equal to the output 
voltage V OH( , while the source-to-substrate voltage of the pMOS transistor is equal to zero. 
Thus, we have to take into account the substrate-bias effect for the nMOS transistor in our 
calculations. 

Region 2 

In this region, | V Tp \ < V out <(V DD - Vy„). Thus, the pMOS transistor now operates in the 
linear region, while the nMOS transistor continues to operate in saturation. 


R eq.n ~ 


K(v D D-v oul -v T , n ) 2 


(7.51) 


hown as 
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*, [2(V DD -\V T ,„\){V DD - Vj)-^ - V oul f\ 

. 2 

k p [2(v DD -\v rp \)-(V DD -V out )\ 


(7.52) 


■ 'I 


Region 3 

Here, the output voltage is V o;rf > ( V DD - V Jn ). Consequently, the nMOS transistor will 
be turned off, which results in an open-circuit equivalent. The pMOS transistor will 
continue to operate in the linear region. 


R eq.p~ 


k p \2(Voo-\VT. P ^-{V DD -V out )] 


(7.53) 


Combining the equivalent resistance values found for the three operating regions, we can 
now plot the total resistance of the CMOS transmission gate as a function of the output 
voltage V our as shown in Fig. 7.35. 
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Figure 7.35. Equivalent resistance of the CMOS transmission gate, plotted as a function of the 
output voltage. 
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It can be seen that the total equivalent resistance of the TG remains relatively 299 

constant, i.e., its value is almost independent of the output voltage, whereas the individual 

equivalent resistances of both the nMOS and the pMOS transistors are strongly depen- Combinational 

dent on V QUt . This property of the CMOS TG is naturally quite desirable. A CMOS pass ~ MOS Logic 

gate which is turned on by a logic-high control signal can be replaced by its simple Circuits 
equivalent resistance for dynamic analysis, as shown in Fig. 7.36. 
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Figure 7.36. Replacing the CMOS TG with its resistor equivalent for transient analysis. 


nction of the 


F = AS + BS 


Wfigure 7.37. Two-input multiplexor circuit implemented using two CMOS TGs. 


The implementation of CMOS transmission gates in logic circuit design usually 
results in compact circuit structures which may even require a smaller number of 
transistors than their standard CMOS counterparts. Note that the control signal and its 
complement must be available simultaneously for TG applications. Figure 7.37 shows a 
two-input multiplexor circuit consisting of two CMOS transmission gates. The operation 
of the multiplexor can be understood quite easily: If the control input S is logic-high, then 
the bottom TG will conduct, and the output will be equal to the input B. If the control 
signal is low, the bottom TG will turn off and the top TG will connect the input A to the 
output node. 

Figure 7.38 shows an eight- transistor implementation of the logic XOR function, 
using two CMOS TGs and two CMOS inverters. The same function can also be 
implemented using only six transistors, as shown in Fig. 7.39. 


4> 


F = AB + AB 


Figure 7.38. Eight-transistor CMOS TG implementation of the XOR function. 



F = AB + AB 


Figure 7.39. Six-transistor CMOS TG implementation of the XOR function. 

Using the generalized multiplexor approach, each Boolean function can be realized 
with a TG logic circuit. As an example, Figure 7.40(a) shows the TG logic implementa- 
tion of a three- variable Boolean function. Note that the three input variables and their 
inverses must be used to control the CMOS transmission gates. Including the three 
inverters not shown here, the TG implementation requires a total of 14 transistors. An 


important point in TG logic design is that a conducting TG network (low-impedance path) 
should always be provided between the output node and one of the inputs, for all possible 
input combinations. This is to make sure that the output node with its capacitive load is 
never left in a high-impedance state. 
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Figure 7.40. (a) CMOS TG realization of a three-variable Boolean function, (b) All pMOS 
| transistors can be placed into one n-well to save area. 


If each CMOS transmission gate in TG logic circuits is realized with a full nMOS-pMOS 
pair, the disjoint n- well structures of the pMOS transistors and the diffusion contacts may 
cause a significant overall area increase. In an attempt to reduce the silicon area occupied 
by TG circuits, the transmission gates can be laid out as separated nMOS-pMOS pairs 
with all pMOS transistors placed in one single n-well, as shown in Fig. 7.40(b). However, 
the routing area required for connecting the p-type diffusion regions to input signals must 
be carefully considered. The layout of the TG circuit is given in Fig. 7.41. 


F 



Figure 7AL Mask layout of the CMOS TG circuit shown in Fig. 7.40. 
Complementary Pass-Transistor Logic (CPL) 

The complexity of full-CMOS pass-gate logic circuits can be reduced dramatically by 
adopting another circuit concept, called Complementary Pass-transistor Logic (CPL). 
The main idea behind CPL is to use a purely nMOS pass-transistor network for the logic 
operations, instead of a CMOS TG network. All inputs are applied in complementary 
form, i.e., every input signal and its inverse must be provided; the circuit also produces 
complementary outputs, to be used by subsequent CPL stages. Thus, the CPL circuit 
essentially consists of complementary inputs, an nMOS pass transistor logic network to 
generate complementary outputs, and CMOS output inverters to restore the output 
signals. The circuit diagrams of a CPL NOR2 and a CPL NAND2 are shown in Fig. 7.42. 

The elimination of pMOS transistors from the pass-gate network significantly 
reduces the parasitic capacitances associated with each node in the circuit, thus, the 
operation speed is typically higher compared to a full-CMOS counterpart. But the 
improvement in transient characteristics comes at a price of increased process complexr 
ity. In CPL circuits, the threshold voltages of the nMOS transistors in the pass-gator 
network must be reduced to about 0 V through threshold-adjustment implants, in ordejf 


to eliminate the threshold- voltage drop. This, on the other hand, reduces the overall noise 
immunity and makes the transistors more susceptible to subthreshold conduction in the 
off-mode. Also note that the GPL design style is highly modular, a wide range of functions 
can be realized by using the same basic pass- transistor structures. 
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Figure 7.42. Circuit diagram of (a) CPL NAND2 gate and (b) CPL NOR2 gate. 


Regarding the transistor count, CPL circuits do not always offer a marked advantage 
over conventional CMOS. The NAND2 and NOR2 circuits shown in Fig. 7.42 each 
consist of 8 transistors. XOR and XNOR functions realized with CPL have a similar 
complexity (i.e., transistor count) as conventional CMOS realizations. The same obser- 
vation is true for the realization of full adders with CPL. The circuit diagram of a CPL- 
based XOR gate is shown in Fig. 7.43. Here, the cross-coupled pMOS pull-up transistors 
are used to speed up the output response. Transistor widths are given in X-units. Figure 
7.44 shows the circuit diagram of a CPL full-adder circuit consisting of 32 transistors. The 
mask layout of this CPL circuit is given in Fig. 7.45. 


XOR 


- T (CPL) 


B me I 


Figure 7.43. Circuit diagram of a CPL-based XOR gate. 
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Exercise Problems 

7.1 A CMOS circuit was designed based on company XYZ's 3-fim design rules, as 
shown in Fig. P7.1 with W„= 1 \im and W p = 15 \im. 

(a) Determine the circuit configuration and draw the circuit diagram. 

(b) For simple hand analysis, make the following assumptions: 

i) Wiring parasitic capacitances and resistances are negligible. 

ii) Device parameters are 


5-,'. 


1 


II 


'ox 

k' 


nMOS 
1.0 V 
500 A 
20 [iA/V 2 
0.5 |xm 
0.5 \im 


pMOS 
-1.0 V 
500 A 
lOp-A/V 2 
0.5 jam 
0.5 |J.m 


iii) The total capacitance at node / is 0.6 pF. 

iv) An ideal step-pulse signal is applied to the CK terminal such that 


v a = ov, 
V= 5V 


r <o 

0< t<T 
t >T 


v) At t = 0, the node voltage at / is zero. 

vi) The input voltages at A v B v and B 2 are zero for 0 < t < T w 
Find the minimum T w that allows V, to reach 2.5 V. 
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Figure P7.1 


7.2 Calculate the equivalent W/L of the two nMOSTs with W/L and W 2 /L 307 

connected in series. For simplicity, neglect the body effect, i.e., the threshold 

voltages of individual transistors are constant and do not depend on the source Combinational 

voltages. Although this is not true in reality, such an assumption is necessary for MOS Logic 

simple analysis with a reasonably good approximation. Circuits 


7.3 Analytical expressions for V M (logic) have been derived in Chapter 7 for the CMOS 
NOR2 gate. Now consider the CMOS NAND2 gate for the following cases and use 
= lOOfiA/V 2 : 

• two inputs switching simultaneously 

• top nMOS switching while the bottom nMOS's gate is tied to V DD 

top nMOS gate is tied to V DD and the gate input of the bottom nMOS is changing 

(a) Derive an analytical expression for V th corresponding to the first 
case. Also find the V th value for the first case for V DD = 5 V when the magnitudes 
of the threshold voltages are 1 V with y = 0. 

(b) Determine V th for all three cases by using SPICE. 

(c) For C h(uf = 0.2 pF, calculate 50% delays (low-to-high and high-to-low 
propagation delays) for an ideal pulse input signal for each of the three cases by 
assuming that C load includes all of the internal parasitic capacitances. Verify the 
results using SPICE. 


7.4 Write down the SPICE input description for transistor connections, source 
and drain parasitics in terms of areas, and perimeters for the layout shown in Example 
7.2. Neglect the wiring capacitances in the polysilicon and metal runners. Default 
model names to be used for pMOS and nMOS are MODP and MODN. Assume L = 
1 Jim and Y= 10 Jim for all transistors. 


7.5 For the gate shown in Fig. P7.5, 


• Pull-up transistor ratio is 5/5 

• Pull-down transistor ratios are 100/5 

•v TO =i.ov 

• Y = 0.4 W m 
•|2^ = 0.6V 

(a) Identify the worst-case input combination(s) for V QL 

(b) Calculate the worst-case value of V QL , (Assume that all pull-down transistors 
have the same body bias and initially, that V 0L = 5% V DD .) 
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where C represents the parasitic capacitance associated with each node in the circuity 
(including the output node) and represents the corresponding node transition .factor- 
associated with Jt node. Hence, ttie terms in the parentheses in (11.5) represent the total 
amount of charge which is drawn from the power supply during each switching event 
While(11.5)isamoree X actrepresentationoftheswitchingpowerdissipation in aCMOS 

logic gate, its evaluation may be relatively complicated. Therefore, we will mainly rely 
on (11.4) to express the switching power dissipation in CMOS logic circuits. 

Observations on Switching Power Reduction 

Expressions ( 1 1 .4) and (1 1 .5) derived above for the average switching power dissipation 
ofCMOSlogicgatessuggestmatwehaveseveraldifferentmeansforreducingthepower 

consumption. These measures include (i) reduction of the power supply voltage V „ , (u) 
reduction of the voltage swing in all nodes, (Hi) reduction of the switching probability 
(transition factor) and (iv) reduction of the load capacitance. Note that the switching 
power dissipation isalsoalinearfunctio^ 

frequency would significantly diminish the overall system performance. Thus, the 
reduction of clock frequency would be a viable option only in cases where the overall 
throughput of the system can be maintained by other means. 

The "reductionofpowersupplyvoltage is oneof the most widely practiced measures 
for low-power design. While such reduction is usually very effective, several important 
issues must be addressed so that the system performance is not sacrificed. In particular, 
we need to consider that reducing the power supply voltage leads to an increase of delay . 
Also.theinputandoutputsignallevelsofalow-voltagecircuitormoduleshouldbemade 

compatible with the peripheral circuitry, in order to maintain correct signal transmission. 

The reduction of switching activity requires a detailed analysis of s.gna transition 
probabilities, and implementation of various circuit-level and system-tevel measures 
such as logic optimization, use of gated clock signals and prevention of glitches. Finally, 
the load capacitance can be reduced by using certain circuit design styles and by proper 
transistor sizing. These and other methods for the reduction of switching power dissipa- 
tion will be examined in detail in the following Sections. 

Short-Circuit Power Dissipation 

The switching power dissipation examined above is purely due to the energy required to 
charge up the parasitic load capacitances in the circuit, and the sw>tching power is 
independent of the rise and fall times of the input signals. Yet, ,f a CMOS inverter ■<« ^a 
logic gate) is driven with input voltage waveforms with finite rise and fall times, both the 
nMOS and the pMOS transistors in the circuit may conduct simultaneously for a short 
amountoftimeduringswitching,formingadirectcurrentpath between the powersupply 

and the ground, as shown in Fig. 11.4. x , rtC j 

The current component which passes through both the nMOS and the pMOS devices 
duringswitchingdoes not contribute to the charging ofthe capacitances in the circuit, .and 
hence it is called the short-circuit current component. This component is especially 
prevalent if the output load capacitance is small, and/or if the input signal rise and fall 
times are large, as seen in Fig. 1 1.5. Here, the input/output voltage waveforms and the 
components of the current drawn from the power supply are illustrated for a symmetrical 



input signal 
with finite rise 
and fall time 
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Figure 11.4. Both nMOS and pMOS transistor may conduct (simultaneously) a short-circuit 
current during switching. 


CMOS inverter with small capacitive load. The nMOS transistor in the circuit starts 
conducting when the rising input voltage exceeds the threshold voltage V T . The pMOS 
transistor remains on until the input reaches the voltage level ( V DD - | V \) Thus there 
is a time window during which both transistors are turned on. As the output capacitance 
is discharged through the nMOS transistor, the output voltage starts to fall. The drain-to- 
source voltage drop of the pMOS transistor becomes nonzero, which allows the pMOS 
transistor to conduct as well. The short circuit current is terminated when the input 
voltage transition is completed and the pMOS transistor is turned off. A similar event is 
responsible for the short-circuit current component during the falling input transition 
when the output voltage starts rising while both transistors are on. 

Note that the magnitude of the short-circuit current component will be approxi- 
mately the same during both the rising-input transition and the falling-input transition 
assuming that the inverter is symmetrical and the input rise and fall times are identical' 
The pMOS transistor also conducts the current which is needed to charge up the small 
output load capacitance, but only during the falling-input transition (the output capaci- 
tance is discharged through the nMOS device during the rising-input transition). This 
current component, which is responsible for the switching power dissipation of the circuit 
(current component to charge up the load capacitance), is also shown in Fig. 1 1.5 The 
average of both of these current components determines the total amount of power drawn 
from the supply. 

For a simple analysis consider a symmetric CMOS inverter with k n = k = k and V 
= I V t>I = v r and with a very small capacitive load. If the inverter is driven with an injut 
voltage waveform with equal rise and fall times (r^ = z fall = t), it can be derived that the 
time-averaged short circuit current drawn from the power supply is 


I avg {short - circuit) = ±.tl±UL(v DD . 2V \ 

11 V DD 


(H.6) 
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Figure U.S. Input-output voltage waveforms, the supply current used to charge up thfr 
capacitance and the short-circuit current in a CMOS inverter with small capacitive load. ^ 
current drawn from the power supply is the sum of both current components. 

Hence, the short-circuit power dissipation becomes 


1 3 

P avg {short - circuit) =—-k-T-f CLK '{V DD -2V T ) 

Note that the short-circuit power dissipation is linearly proportional to the inpUl 
nse and fall times, and also to the transconductance of the transistors. Hence, ;f 
the input transition times will decrease the short-circuit current component. 
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Figure 11.6. Input-output voltage waveforms, the supply current used to charge up the load 
capacitance and the short-circuit current in a CMOS inverter with larger capacitive load and smaller 
input transition times. The total current drawn from the power supply is approximately equal to the 
charge-up current. 

Now consider the same CMOS inverter with a larger output load capacitance and 
smaller input transition times. During the rising input transition, the output voltage will 
effectively remain at V DD until the input voltage completes its swing and the output will 
start to drop only after the input has reached its final value. Although both nMOS and 
pMOS transistors are on simultaneously during the transition, the pMOS transistor 
cannot conduct a significant amount of current since the voltage drop between its source 
and drain terminals is almost zero. Similarly, the output voltage will remain at approxi- 
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mately 0 V during the falling input transition and it will start to rise only after the input 
voltage completes its swing. Again, both transistors will be on simultaneously during th 
input voltage transition, yet the nMOS transistor will not be able to conduct a significafl 
amount of current since its drain-to-source voltage is approximately zero. This situatiQ 
is illustrated in Fig. 11.6, which shows the simulated input and output voltage wavefo. 
of the inverter as well as the short-circuit and dynamic current components drawn frq 
the power supply. Notice that the peak value of the supply current to charge up the out 
load capacitance is larger in this case. The reason for this is that the pMOS trans.s 
remains in saturation during the entire input transition, as opposed to the previous c 
shown in Fig. 11.5 where the transistor leaves the saturation region before the in 
transition is completed. 

The discussion concerning the magnitude of the short-circuit current may sugg 
that the short-circuit power dissipation can be reduced by making the output volt* 
transition times larger and/or by making the input voltage transition times smaller, 
this goal should be balanced carefully against other performance goals such as propa 
tion delay, and the reduction of the short-circuit current should be considered as one 
the many design requirements that must be satisfied by the designer. 

Leakage Power Dissipation 

The nMOS and pMOS transistors used in a CMOS logic gate generally have nonz 
reverse leakage and subthreshold currents. In a CMOS VLSI chip containing a very larj 
number of transistors, these currents can contribute to the overall power dissipation ev< 
when the transistors are not undergoing any switching event. The magnitude of 
leakage currents is determined mainly by the processing parameters. 

Of the two main leakage current components in a MOSFET, the reverse di 
leakage occurs when the pn-junction between the drain and the bulk of the transistor 
revers-biased. The reverse-biased drain junction then conducts a reverse saturat 
current which is drawn from the power supply. Consider a CMOS inverter with a hi 
input voltage, where the nMOS transistor is turned on and the output node voltage 
discharged to zero. Although the pMOS transistor is turned off, there will be a rev 
potential difference of V DD between its drain and the n-well, causing a diode lea 
through the drain junction. The n-well region of the pMOS transistor is also reve 
biased with V DD , with respect to the p-type substrate. Therefore, another sigmfic 
leakage current component exists because of the n-well junction (Fig. 1 1.7). 

A similar situation can be observed when the input voltage is zero, and the ou 
voltage is charged up to V DD through the pMOS transistor. Then, the reverse poten 
difference between the nMOS drain region and the p-type substrate causes a rev 
leakage current which is also drawn from the power supply (through the p 
transistor). 

The reverse leakage current of a pn-junction is expressed by 
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